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Flash sintering is a form of sintering where electric fields are combined with heating to 
reduce the time and temperature required to densify ceramic powder compacts. A previous 
study with yttria-stabilized zirconia has shown that selective laser flash sintering (SLFS) 
is possible in which a scanning laser is used to selectively flash sinter a local region of the 
sample. SLFS presents the opportunity to avoid many of the drawbacks of current indirect 
additive manufacturing methods that utilize a binder. In this work, we demonstrate that 
aluminum nitride can also undergo SLFS using a combination of measurements of electric 
current flowing through the sample and observations of necks formed between powder 
particles. The scan conditions required to initiate SLFS are characterized over a range of 
laser powers and laser scan speeds. It is shown that the initiation of SLFS in AlN is 
governed by both the local heat input and heat dissipation. A numerical model that accounts 
for heat input using the product of the power intensity and laser interaction time and heat 
dissipation from conduction, convection, and radiation is developed. This model suggests 
that, consistent with furnace-based flash sintering, a minimum temperature along the 
conductive path determines the onset of sintering. Under an applied field of 3000 V/cm, 
temperatures of 450 – 475 K are predicted to initiate SLFS in AlN in 1.25 – 0.25 s. A 
second model is developed to determine the characteristics of sintering at the micro-scale 
for various combinations of heating and electrical fields, and particle geometries. This 
 vii 
model suggests that the time to the onset of flash sintering is strongly dependent on the 
applied laser heating for the range of electric fields typically applied in SLFS. It also 
suggests that the time to the onset of SLFS is less dependent on electric field, but that after 
flash initiates the field strongly effect the temperature in the scanned region of the sample. 
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CHAPTER I: INTRODUCTION AND MOTIVATION 
1. Introduction to Sintering 
1.1. CONVENTIONAL SINTERING OF CERAMICS 
Unlike polymers and metals which are usually processed using melt processes, the 
very high melting temperatures of most ceramics requires processing methods that do not 
require melting. Ceramic processing conventionally begins with forming, where powder is 
either physically pressed, mixed with liquids to produce a mass that can be shaped, or cast 
from a slurry (1). Following the forming process, the parts are referred to as “green” parts. 
The green parts may contain polymer additives that remain from the forming process and 
these are removed by a low temperature heat treatment in which any remaining polymer 
additives are pyrolyzed. The parts following pyrolysis typically contain 40-50% porosity 
and are very fragile. To increase the densify the parts and increases their strength, they 
sintered by exposing them to temperatures of between 50-90% of the melting temperature 
for several hours. The high temperatures and long times used during conventional sintering 
processes result in significant grain growth regardless of initial particle size (2). The long 
times and high temperatures can both be reduced by applying an pressure as an additional 
driving force to consolidate the powders (hot isostatic pressing), but this process is 
prohibitively expensive for mass production and limits part geometries. 
1.2 ELECTRIC-FIELD ASSISTED SINTERING 
It has been shown that sintering times and temperatures can also be reduced by 
applying an electric field to the sample during sintering. Two notable forms of sintering 
using electric fields are Spark Plasma Sintering (SPS) and Flash Sintering (FS). SPS is a 
process where ceramic powder is surrounded with a graphite die, and electric current is 
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passed through the die to heat it via joule heating. This heated die then transfer the heat to 
the powder to cause sintering to occur. 
Flash sintering uses a combination of external heating from a furnace and a large 
electric field to consolidate the part. Because ceramics have lower electrical conductivity 
than materials such as graphite, flash sintering often requires higher voltages and activation 
energies than SPS.  Flash sintering was first discovered by Cologna et al. (3), and has 
subsequently been used on a large number of different ceramic materials by applying fields 
of between 7.5 V/cm – 3000 V/cm and power dissipations of between 10 – 1000 mW/mm3 
(4,5,6) It has been shown that Flash sintering initiates in a ceramic after a certain threshold 
external temperature and electric field are reached, after which conductivity of the ceramic 
increases and it becomes conductive (8). Many different mechanisms have been proposed 
to explain how flash sintering works, including bulk and local joule heating, (8,10) the 
formation of Frenkel defects (4,15),  and electrochemical reduction (7). 
 
1.3 MECHANISMS OF FLASH SINTERING 
The first mechanism proposed to explain flash sintering was proposed by Todd et 
al. (8) They suggested that flash sintering results from rapid bulk heating of a ceramic 
material due to Joule heating. The theory of Joule heating as a driver for flash sintering 
rests on the assumption that Joule heating drives very high temperatures far beyond the 
initial onset temperature within an incredibly short length of time, resulting in the power 
density needed to sintering the material within a very short time scale. (9,10) It has been 
shown that temperatures within flashed ceramics such as 8YSZ rise approximately 1000 
C° above the onset temperature for flash, therefore providing enough energy for 
densification to take place within 15 sec (11). 
 3 
Another mechanism to explain flash sintering was proposed by Cologna et al. that 
proposes that localized heating at grain boundaries is responsible for the flash effect. (3) 
They suggest that high temperature gradients and high local temperatures at particle contact 
points result in joule heating at these connection points. This is in contrast to the proposed 
mechanism of bulk joule heating across the entire material as originally proposed by Todd 
et al. Chaim (12) has proposed that these local effects are so prevalent, that melting occurs 
at the particle contacts and that resulting capillary forces aid the densification of powders 
during flash sintering. In addition, since the liquid conductivity for materials is typically 
higher than the solid conductivity, this could contribute to rapid thermal runaway. 
Raj et al. (3) has proposed an alternative mechanism that suggests that the 
nucleation of defects known as Frenkel pairs are the driving mechanism for flash sintering. 
A Frenkel pair are point defects that consist of a vacancy and interstitial ion, that due to 
their opposite charges, are closely coupled. Their theory proposes that an avalanche of 
Frenkel pairs are formed due to the combination of field and high temperatures that result 
in a greatly enhanced rate of mass transport. However, Frenkel pair formation does not 
explain incubation times that were observed by Naik et al. (13) 
 Another theory that has been proposed is that flash sintering in ionic conductors 
can be explained by an induced electrochemical reduction (14). It is proposed that the 
voltage applied to the sample to produce the electric field in flash sintering can exceed the 
electrochemical reduction potential for an ionic conductor. If this occurs, the material 
transitions from an insulator to an electronic conductor. (14) This mechanism the observed 
incubation stage, (14,15) which is explained by electrochemical reduction progressing 
from anode to cathode, and the flash event itself. (3) 
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1.4 ADDITIVE MANUFACTURING OF CERAMICS 
Ceramic Additive Manufacturing (AM) consists of a new multitude of 
manufacturing methods designed to additively manufacture ceramic materials in a layer-
by-layer process. Ceramic AM processes can be categorized as either direct (single step) 
or indirect (multi step) processes (16). Direct processes allow for the shaping and final 
material properties to be achieved simultaneously, while indirect processes require a step 
that first achieves the geometry and then at least one additional stage where the part is 
consolidated to the final material properties. 
 Direct additive manufacturing presents significant challenges because the sintering 
times for ceramics is typically hours for typical sintering temperatures, as discussed in 
Section 1.1 (17). The sintering time can, in principle, be decreased by increasing the 
temperature.  However, to achieve sintering in the short time a localized heat source passes 
over a surface in AM, the sintering times must be reduced to the fractions of a second. The 
very high temperatures required to achieve such fast sintering typically results in thermal 
shock cracking because of the severe temperature gradients and the low fracture toughness 
of most ceramics (18). Thus, direct AM processes cannot be used with most ceramics. 
There are several different indirect additive manufacturing routes that have been 
successfully demonstrated for the production of ceramics including selective laser sintering 
(SLS) (19), stereolithography (SLA) (20), binder jetting (21), and fused deposition 
modeling (FDM). For each of these indirect additive manufacturing routes (see Fig. 1.1), a 
ceramic powder is mixed with a polymer binder. The polymer/ceramic blends behave 
similarly to neat polymer and thus the green part can be 3D printed using machine 
parameters and temperatures that are modified slightly relative to printing neat polymers 
(Error! Bookmark not defined.). Following this, the binder must be removed via 
pyrolysis, and then the remaining ceramic part is sintered. One challenge with indirect AM 
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is that the decomposition products from binder must escape without distorting or cracking 
the part. In practice, this can only be achieved for thin-walled or small parts that are heated 
slowly. Thus, there remains a need for an AM processes that is capable of producing large 
or thick-walled parts. 
 
  
Figure 1.1: a) The five-step process for indirect additive manufacturing of ceramics, and 
b) the debinding process by which the binder is removed from the ceramic 
Courtesy Lv et. al. (22) 
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2. Selective Laser Flash Sintering 
Selective Laser Flash Sintering (SLFS) is a form of flash sintering where ceramic 
is heated by selective heating using a laser rather than furnace-based heating. In the SLFS 
process, compacted powder is placed between two electrodes and heat deposited via a laser 
travelling across the sample surface. The combination of laser heating and electric field 
results in sintering within the heated region of the sample. Figure 1.2 shows the differences 




Figure 1.2: The processes of a) spark plasma sintering, b) conventional flash sintering, 
and c) Selective Laser Flash Sintering 
SLFS may offer an opportunity to overcome the major drawbacks of existing 
direct and indirect AM processes for the additive manufacture of ceramics. To overcome 
the challenges of direct AM, it is necessary to avoid cracking. SLFS enables this in three 
important ways: 1) The presence of the electric field decreases the sintering temperature 
by several hundred degrees relative to furnace-based sintering, 2) The presence of the 
electric field decreases the sintering time to fractions of a second and 3) The sintering 
conditions can be set to allow only the onset of SLFS so that necks form between the 
particles (see Fig. 1.3) to hold the part together, but the part does not fully densify. By 
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only partially sintering the part, the sintering time and temperatures can both be reduced 
and porous ceramic are more resistant to large thermal gradients (23). 
 
Figure 1.1: The goal of the SLFS process is to only partially create necks in the samples, 
and then subject them to postprocessing for full densification – not to fully 
densify them entirely with SLFS 
To implement SLFS as a multi-layer additive manufacturing process, it will likely 
be necessary to form each layers of material just before scanning.  Deborah Hagen has 
demonstrated this approach (ref. unpublished work) using a tapecasting approach. A slurry 
is first produced consisting of the ceramic powder, polymer binder, and a solvent. The 
slurry is then tapecast into a thin layer on the part bed. The laser is then scanned over the 
regions of interest at low powers to remove the binder and then rescanned over these 
regions to partially sinter them. This process is repeated until the green part is completed. 
The part is then placed in a solvent to dissolve the polymer in the unscanned regions; the 
scanned regions remain intact because of the particle necks between the particles. The 
remaining part is then placed in a furnace and conventionally sintered. Compared to other 
indirect AM processes for producing ceramics, multilayer SLFS offers the advantage of 
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not requiring a pyrolysis step on the green part because the polymer is removed layer by 
layer as the part is being built. Thus, thick walled and large bulk parts should be possible. 
To further develop the SLFS process, it is important to understand the various 
controlling parameters and how they affect the properties of final parts. Previously, Hagen 
(30) successfully demonstrated the ability to SLFS yttria-stabilized zirconia. In addition, 
the effects of laser power, electric field, and moisture on samples were characterized. Yttra-
stabilized zirconia is a material which has been extensively studied in the conventional 
flash sintering literature before (3,24,25) and provides an important benchmark for further 
characterization of the SLFS process. To date, flash sintering and SLFS have not been 
demonstrated on any nitride-based ceramics. AlN is an interesting candidate ceramic for 
SLFS because it has extremely high thermal conductivity (40) which makes it an attractive 
candidate for nuclear applications where heat must be dissipated effectively. The goal of 
this work is to expand the understanding of SLFS by characterizing the parameters needed 




CHAPTER 2: INITIAL STAGE SELECTIVE LASER FLASH 
SINTERING OF ALUMINUM NITRIDE 
2.1 Introduction 
Flash sintering is method for rapidly sintering ceramics that utilizes the 
simultaneous application of heat and an electric field (26,27). Flash sintering initiates when 
a threshold temperature and electric field are exceeded and is characterized by the onset of 
measurable electric current through the part. (28) During this initial stage of flash sintering, 
there is neck growth between powder particles, but minimal densification and the only a 
small current flow through the sample. (29) During second stage flash sintering, 
densification occurs as the current increases rapidly. To avoid current runaway, during 
third stage flash sintering, the power supply is switched from voltage control to current 
control and further densification and coarsening occur. 
Because the flash sintering phenomenon can occur quickly and at a much lower 
temperature than conventional sintering, a scanning laser can be used as a heat source to 
selectively sinter parts of the sample using a process called selective laser flash sintering 
(SLFS). The SLFS process has been previously demonstrated using 8%mol yttria-
stabilized zirconia (8-YSZ). (30) It was shown that a combination of laser heating and 
electric field could be used to initiate flash sintering, and that densification could be 
controlled by adjusting the laser power and electric field strength. Although SLFS has not 
yet been demonstrated on any other ceramics to date, a large number of oxide (31,32) and 
carbide ceramics (33,34) have previously been conventionally flash sintered using a 
furnace, suggesting that other ceramics may be candidates for SLFS. Aluminum nitride 
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presents an opportunity to discern the limits of the SLFS process, because it has a similar 
bandgap to 8-YSZ but two orders of magnitude greater thermal conductivity. Because the 
flash process is known to be temperature-dependent, thermal conductivity is expected to 
have a significant effect on the initiation of the SLFS process.  In this paper, the conditions 
required to initiate SLFS are studied and related to processing conditions and material 
properties. The focus is on characterizing the first stage of SLFS, where the current flow 
through the sample first begins. It is shown that in high conductivity ceramics such as AlN, 
both heat input as well as heat transfer must be tracked to determine the conditions required 
for the onset of SLFS. 
2.2 Experimental Procedure 
 Commercial AlN powder (Grade C Aluminum Nitride, HC Starck, Karlsruhe, 
Germany) with a particle size of between 0.8 – 2.0 µm was uniaxially pressed using 2.54 
cm steel, cylindrical dies, that were lubricated using a 2% steric acid/acetone solution. The 
resulting pellets were approximately 3.5 – 4.0 mm thick and had a green density of 1.4 
g/cm3. Colloidal silver (PELCO, Ted Pella, Redding, CA) was used to create two 
electrically conductive regions on opposite sides of the face of the pellet. The pellets were 
heated in an oven at 125˚C for one hour prior to testing to remove adsorbed moisture since 
previous experiments have shown that moisture may affect the conditions required to 
initiate SLFS (35). 
Schematics showing the SLFS apparatus and specimen geometry are shown in Fig. 
2.1. Figure 2.1a shows the configuration of the green, AlN pellet placed on top of an 
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insulator between two steel electrodes. Copper tape was used to connect the painted silver 
electrodes on the sample to the steel electrodes. A chamber was placed over the sample to 
allow the sample to be purged with dry N2 for 2 minutes to exclude moisture and oxygen. 
A voltage was applied between the electrodes using a high voltage power supply (PS350, 
Standard Research Systems Inc., Sunnyvale, CA) to generate the electric field across the 
sample. The electric field applied to the pellets was varied from 0 – 3000 V/cm.  Current 
conducted through the sample during the experiment was measured with a precision of 1 
µA at a frequency of 500 Hz using a data acquisition system (CompactRIO, National 





Figure 2.1 The selective laser flash sintering (SLFS) experimental setup: a) Schematic 
showing an overview of the experimental apparatus and b) plan-view of the 
specimen and electrode geometries. 
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 The only source of heat on the sample was from a focused, continuous wave CO2 
laser that was scanned across the pellet surface. The wavelength of the laser was 10.6 µm 
and it had a maximum rated power of 55 W (48-5, SYNDRAD, Mukilteo, WA). A pair of 
mirror galvanometers (6240H, Cambridge Technology, Bedford, MA) were used to scan 
the beam through a zinc selenide window mounted on the top chamber and across the pellet 
surface. The profile of the beam on the specimen surface had a gaussian distribution with 
a full width at half maximum of approximately 350 – 400 µm. 
Figure 2.1b shows details of the specimen and laser scan pattern in plan-view. For 
all of the experiments conducted in this study, the laser was scanned in one dimension from 
the cathode to the anode at velocities of 33 – 300 mm/s and laser powers of 10 – 30 W (3 
×10-5 – 6 ×10-5 J/mm2) on the sample surface. A total of 8 – 10 parallel line paths, separated 
by a distance of 2.5 mm, were scanned on each pellet surface. For most experiments, each 
line path was repeatedly scanned over the same path up to 20 times. When repeated scans 
were conducted on the same line path, the laser was first activated with the beam on the 
cathode. The scan then commenced across the sample surface and then onto the anode, 
where the laser was shut off. The beam was then repositioned onto the cathode before 
turning the laser back on and repeating the scan. Approximately 10 ms transpired from the 
completion of one scan before the next scan on the same line path commenced. Scanning 
of the next parallel line path was delayed for at least XX seconds to ensure that the pellet 
had returned to a temperature near room temperature before scanning the next line path. 
Upon completion of the experiments, the surfaces of the samples were sputter-coated with 
 15 
conducting Au-Pd so that they could be imaged using a scanning electron microscope 
(Vega 3, Tescan-Orsay, Brno, Czech Republic) in secondary electron imaging mode. 
2.3 Experimental Results 
 Figure 2.2a shows the current measured through the pellet versus the laser scan time 
for a scan speed of 100 mm/s, laser power of 20 W, an electric field of 0 V/cm. For this 
experiment, ten scans were repeated over the same line path. The red vertical lines indicate 
the time at the beginning of each successive laser scan for this line path. From this figure, 
it is apparent that no measurable current is observed at any point during the scanning 
process. 
Figure 2.2b shows the current measured versus the laser scanning time for a line 
path scanned under the same nominal conditions as that shown in Fig. 2.2a (scan speed of 
100 mm/s, laser power of 20 W, with ten scan repetitions over the same line path), except 
that an electric field of 3000 V/cm was applied during laser scanning. Again, there is no 
measurable current observed for the first two repeated scans of the laser. During the third 
scan, however, the current rises to about 2 µA near the end of the scan. For subsequent 
scans over the same line path, the current then rises with an overall trend that is monotonic 
for the fourth and all successive scans, reaching a peak of approximately 60 µA at the end 
of the 10th and final laser scan. Note that there are small variations from the overall trend 
in the peak currents from scan to scan because the data acquisition speed was not fast 




Figure 2.2. Current measured (black line) from 10 repeated scans of the same line path at 
a laser power of 20 W and a laser scan speed of 100 m/s: a) No applied 
electric field and b) With an applied electric field of 3000 V/cm. Vertical 
red lines indicate approximate time when each laser scan completed. 
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The microstructures of the samples before and after laser scanning are shown in 
Fig. 2.3. In Fig. 2.3a, the microstructure on the surface of a representative green pellet is 
shown. The powder particles range in size from approximately 0.5 – 5 µm and are 
irregularly shaped with sharp features. Figure 2.3b shows the surface of a region of pellet 
that was scanned 10 times with a laser scan speed of 100 mm/s, laser power of 20 W, and 
an electric field of 0 V/cm. The particles do not appear to be significantly changed relative 
to those shown in Fig. 3a, indicating that the repeated scanning under these scan conditions 
without an applied electric field did not alter the microstructure. Figure 2.3c shows the 
surface of a region of pellet scanned 10 times with a laser scan speed of 100 mm/s, laser 
power of 20 W, with an electric field of 3000 V/cm present. Compared to the 
microstructures shown in Figs. 2.3a or 2.3b, the microstructure shown in Fig. 2.3c is 
significantly different. There are visible necks formed between many of the particles and 







Figure 2.3: SEM micrographs of a) green pellet, b) pellet after laser scanning 10 times 
with no applied field at a scan speed of 100 mm/s and laser power of 20 W 
and c) pellet after laser scanning 10 times with applied field of 3000 V/cm at 
a scan speed of 100 mm/s and laser power of 20 W. 
Figure 2.4 shows the measured current from three different line paths that were 
scanned with differing laser powers. All of these line paths were scanned with an electric 
field of 3000 V/cm, a laser scan speed of 100 mm/s, and with 20 scan repetitions of the 
laser over the same line path. The figure shows that for a laser power = 10 W, no observable 
current is visible until the fifteenth scan repetition, when current rises slowly and 
monotonically up to about 30 µA for the last repetition. At a laser power = 20 W, no 
measurable current is obtained until about the fourteenth repetition, when it rises to about 
40 µA. During the subsequent scan, the current increases dramatically and exceeds the 
current limiter on the power supply (i.e. current runaway). At a laser power = 30 W, 
measurable current is first obtained during the third repetition and increases for the fourth 
repetition before run-away is observed during the fifth repetition. For subsequent scan 
repetitions, the current drops to 25 µA and remains approximately constant for several 
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scans before slowly dropping towards zero. The trend for these three experiments shows a 
strong correlation between laser power and observed onset of SLFS, with greater laser 
powers both causing higher observed current and current runaway at earlier times. 
 
Figure 2.4: Current measured through samples at laser powers of 10, 20 and 30 W.  
Vertical red lines indicate approximate time when each laser scan 
completed. 
The relationships between observed current through the sample and the laser scan 
speed is explored further in Fig. 2.5. For these experiments the laser power was fixed at 20 
W, the applied electric field was fixed at 3000 V/cm, and each line path was scanned for 
20 repetitions. At a scan speed = 200 mm/s, there is minimal observed current until the last 
few repetitions when it increases to about 2 µA before the 20th and final repetition. When 
the scan speed is reduced to 100 mm/s, there is initially no observed current. After 1600 
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ms (the 8th repetition), the current begins to rise slowly for each subsequent scan repetition 
until it reaches approximately 10 µA at around 3000 ms. The last four laser scan repetitions 
show a large spike in observed current, where current rises to a maximum of around 25 µA 
before the 20th and final repetition. When the laser scan speed is reduced further to 33 
mm/s, there is again no measurable current for approximately 1600 ms before the current 
begins to increase. Note however, that this corresponds to 4th scan repetition at this slower 
scan speed. As was observed for the scan speed of 100 m/sec, the current continues to rise 
monotonically until plateauing near 50 µA. There is considerably more variation in current 
from one scan repetition to the next at the slower scan speeds compared to that observed at 
faster scan speeds.  
 
Figure 2.5: Current measured through samples at laser scan speeds of 33, 100, and 300 
m/s. 
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The data in Figs. 2.4 and 2.5 show that the onset of SLFS can be triggered with 
fewer scans by decreasing the laser scan speed or by increasing the laser power. This 
suggests that the relevant parameter that governs the onset of SLFS may be related to the 
heat input, , which is the product of the laser power intensity and the laser interaction 
time. To test this hypothesis, Fig. 2.6 shows the current measured while varying the laser 
power intensity and laser scan speed. Figures 2.6a and 2.6b compare the current versus 
time for a constant β = 6 ×10-5 J/mm2. At slow scan speeds and low laser powers (Fig. 2.6a) 
only very small currents are measured that are close to the resolution limits of the 
instrument. In contrast, when the scan speed and laser power are increased while 
maintaining a constant  (Fig. 6b), the current begins to increase after the 4th repetition and 
continues to increase monotonically with successive repetitions. Figures 2.6c and 2.6d 
compare the current versus time for a constant β = 3×10-5 J/mm2. At the lower scan speed 
and current (Fig. 2.6c) there is again no observed current. Increasing the current and laser 
power simultaneously (Fig. 2.6d) again results in an increase in current after multiple laser 
scan repetitions.  
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Figure 2.6: Current observed through samples versus time for a) and b)  = 6 ×10-5 J/mm2 
and c) and d)  = 3 ×10-5 J/mm2. Vertical red lines indicate approximate 
time when each laser scan completed. 
Figure 2.6 shows that onset of SLFS of AlN cannot be related directly to  because 
the conditions required to initiate SLFS were found to vary even when  was fixed. SLFS 
was found to initiate most readily at high laser powers, slower scan speeds and large . 
Together, these results suggest that heat input is only one important variable that influences 
the initiation of SLFS. These results also suggest that heat dissipation must also plays an 
important role in SLFS. 
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2.4 Numerical Model of Heat Flow during SLFS 
To explore the effects of both heat input and heat dissipation on the temperature of 
the scanned region during SLFS, a numerical model was developed using COMSOL 
Multiphysics® software (Comsol Inc., Burlington, MA) to study the dynamic heat 
distribution in the pellet during the SLFS process. Minimum temperatures were studied 
within the region across which the laser scans, this region is illustrated schematically in 
Fig. 2.7. This line region is defined as a hemicylinder with a diameter equal to the beam 
diameter of 400 µm and a length equal to the scan path length. 
For the numerical model, the AlN powder bed was modeled as a continuous domain 
with effective materials properties. The only heat source that was considered was the laser  
and it was assumed that heat dissipation occurred due to a combination of conductivity 
through the solid, radiation from the surface of the pellet, and convection from the pellet 
to the surrounding N2 gas. The thermal conductivity for the AlN powder bed was calculated 
from a powder bed model (41) which yielded values from 0.5 W/(m·K) at room 
temperature up to 1 W/(m·K) at 2000 K. The density of the powder bed was taken as 1.4 
g/cm3 and the specific heat was assumed to be 780 J/(kg·K). Because the laser absorption 
depth is difficult to determine for a powder bed, a simplified heat source model was used. 
The laser was assumed to be a 3D Gaussian heat source, with a 1/e radius of 279 μm and a 
heat penetration depth of 100 μm. The effective reflectivity from the powder bed surface 
was assumed to be 20% (i.e. a total of 80% of the laser power was absorbed to a depth of 
100 µm). The sample interaction domain with the laser was modelled as a 2 mm x 1 mm x 
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11 mm region, encapsulating the full length of a laser scan across the pellet surface. Further 
details of how the simulations was conducted are provided in the appendix. 
 
Figure 2.7: A schematic showing the scanning laser and the line region where the 
minimum temperature was computed (blue). 
 Figure 2.8 shows experimental data and predictions from a simulation performed 
assuming the same scan conditions used in the experiment. The scan distance traveled and 
the scan times are both slightly longer for the experiment compared to the simulation 
because in the experiment, the scan started and completed on the electrode; the extra 
distance traveled by the laser and the delays between succeeding scan lines were not 
accounted for in the simulation. To facilitate comparisons between the times in the 
experiment and simulations, the scan times were normalized by the total scan time for the 
experiment ( = normalized scan time). Figure 2.8a is a plot from an experiment of 
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measured current for a line path scanned under an electric field of 3,000 V/cm, a laser 
power of 20 W, a laser scan speed of 100 mm/s, and with 10 scan repetitions of the laser 
over the same line path. During the 4th scan, a small rise in current is visible. Figure 8b 
shows the predicted minimum temperatures obtained from the numerical model for the 
same conditions shown in Fig. 8a.  The overall trend is that the temperature rises during 
each scan and from one scan to the next. The time the laser is off is determined by the jump 
speed which is 1m/s in all cases, and the time the laser is on is determined by the laser scan 
speed (variable for these simulations) and the length of the line, which is 1.1 cm. From the 
experiment shown in Fig. 2.8a that SLFS initiates during the 4th line scan, the 
corresponding predicted minimum temperature from the simulation during the 4th line scan 
is T=475 K. 
   
Figure 2.8: a) Experimental results showing the current versus normalized time b) 
Predictions from the numerical model showing the average temperature of 
the scanned line region versus normalized time during repeated scans of the 
same line path. The dots in both a) and b) indicate the onset of SLFS and the 




 Figure 2.9 shows the predicted minimum temperatures in the scanned line region 
obtained from the numerical model for four different experimental conditions: i. laser 
power = 10 W, scan speed = 50 m/s, ii. laser power = 10 W, scan speed = 100 m/s, iii. laser 
power = 20 W, scan speed = 100 m/s, and laser power = 30 W, scan speed = 300 m/s. For 
the two cases where the laser power is 10 W, the predicted temperatures both increase 
quickly and reach approximately 450 K in about  = 0.4 (t ≈ 1 s) before the rate of 
temperature increase slows as the influence of heat dissipation becomes more significant 
at longer time scales. The minimum temperature consistently occurs directly ahead of the 
beam because this region has had the most time to cool since the last laser scan. As most 
of the cooling occurs immediately after the laser passes, scan speed differences have a 
decreasing effect on minimum temperature when slower scan speeds are employed and the 
cooling time between passes increases. The two scan speeds for the 10 W case are thus 
sufficiently slow that the minimum temperatures are similar. When the laser power is 
increased to 20 W, the minimum temperature within the line rises to 475 K by the time  = 
0.2. The temperature in the line path scanned at 30 W rises even more quickly reaching the 
same temperature by  = 0.1. 
 The required number of repeated scans along the same line path to initiate SLFS 
was measured experimentally and the corresponding number of repeated scans from the 
simulations is indicated in Fig. 2.9 with dots.  By plotting the data in this way, the predicted 
minimum temperatures to initiate SLFS can be obtained from the simulations for each scan 
condition. This plot shows that the highest predicted temperature for the onset of SLFS of 
about 480 K occurs at  = 0.2 (t ≈ 0.15) s when the laser is scanned at 20 W. Reducing the 
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laser power reduces the onset temperature for flash and increases the time required to 
initiate SLFS.  For a laser power of 10 W, the onset of SLFS occurs at a temperature of 
450 – 475 K and requires  = 0.4 – 0.5 (t ≈1.0 – 1.25 s). 
  
Figure 2.9: The predicted minimum temperatures from the numerical simulations within 
the scanned line region. Dots represent the predicted temperature/times for 





 This paper presents the first direct microstructural evidence of SLFS by correlating 
measured currents from experiments to neck formation between powder particles. This is 
evident from Figure 2.3c, where particle necks have clearly formed following a laser scan 
under an electric field of 3000 V/cm. When no electric field and current was applied, necks 
do not form (Figure 2.3b), nor is current detected through the sample. From this observation 
it is clear that when sufficiently large electric fields and laser powers are applied, neck 
growth accompanies measured current and both observations are indicators of the onset of 
SLFS. 
 This paper also presents the first experimental evidence that flash sintering can 
occur in nitrides. Because both nitride and carbide powders may exhibit surface 
oxidization, and because conduction occurs primarily in the near surface regions, the 
presence of oxides is likely to influence the onset conditions for SLFS. TEM was 
performed of the powders to determine if the surfaces were oxidized. These images (not 
shown) confirmed that the AlN powder contained a thin (<5 nm) of oxide on the surface. 
The presence of a thin surface oxide on AlN is difficult to prevent and cannot be easily 
eliminated once it occurs. Thus, from a practical perspective the oxide must be treated as 
part of the specimen and it remains an open question as to whether nitrides such as AlN 
are intrinsically able to be flash sintered in the absence of a surface oxide. 
 Experiments shown in Figs. 2.4 and indicate that heat input is one parameter that 
determines the onset of SLFS. The heat input depends on both laser power and scan speed 
and both parameters can be varied to control heat input. Figure 4 shows that for a fixed 
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scan speed, increases in laser power result in a reduction in the time necessary for the onset 
of flash sintering and larger currents flowing through the sample once SLFS initiates. 
Figure 2.5 shows that, at a fixed laser power, slower scan speeds reduce the number of 
repeated scans required to initiate SLFS and increase currents flowing through the sample 
once SLFS initiates. 
 To test the hypothesis that heat input solely determines the onset of SLFS, 
experiments were conducted under conditions of constant heat input ( = laser power × 
scan speed). Figure 2.6 showed that while  does influence onset conditions; it is not the 
sole parameter that determines the onset of SLFS. This is unlike YSZ, which has a much 
lower thermal conductivity and flashes after a single scan, indicating that the conditions 
for the onset of SLFS for YSZ are primarily governed by the heat input. (5) Subsequently, 
it was hypothesized that the onset of flash sintering at a given electric field occurs when 
the minimum temperature in the scanned line reaches a critical temperature. The 
temperature within the line depends on both heat input and heat dissipation and thus both 
play a significant role in SLFS of AlN.  
 A numerical model was developed that accounted for both heat input and 
dissipation during repeated scanning of a line path across the sample from one electrode to 
the other. The model showed that a minimum temperature of 450 – 500 K must be reached 
everywhere along the scanned line region in order for SLFS to initiate. Previous studies of 
furnace-based flash sintering have shown a minimum temperature is required for flash to 
initiate (36,37). For SLFS we postulate that the minimum temperature to initiate flash is 
related to the minimum conductivity along the laser scan path. Thus, the lowest temperature 
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controls the effective conductivity of the entire scan path. Once this effective conductivity 
has increased beyond a certain threshold at a specific electric field, current begins to flow 
and the flash initiates. 
SEM observations of the samples after laser scanning revealed that many of the 
samples exhibited channel cracks that were oriented perpendicular to the scanning 
directions in the regions that had been scanned multiple times. This explains the non-
monotonic behavior observed in some samples that is most clearly evident in Fig. 2.4 for 
the scan condition with a laser power of 30 W. For this scanning condition, the measured 
current first rises quickly for the first four successive scans before dropping for subsequent 
scans. These results suggest that repeated scans at combinations of high laser powers and 
low scan speeds leads to thermal shock cracking that reduces the subsequent current flow 
through the sample. This is also notable because the onset of cracking would be expected 
to significantly alter heat flow only if it occurred before the onset of SLFS. For most of the 
scan conditions studied here, the monotonic rise in the current for at least several repeated 
scans following the initiation of SLFS suggests that cracking occurred during subsequent 
repeated scans or during cooling after the last scan. However, further work is needed to 
confirm this. 
 It is important to note that cracks are not intrinsic to the SLFS process. Although 
we observed cracking for some experiments during repeated scanning conducted over an 
exceedingly broad range of scanning conditions, it should be possible to scan under 
narrower range of conditions that do not produce cracks by limiting the scan speed and 
laser power. It may also be possible to scan under a broader range of conditions without 
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 Experiments showed that SLFS can be observed in AlN and this was confirmed 
from both current measurements through the sample and observed microstructural changes 
following selective heating using a scanning laser under an applied electric field. Compared 
to materials with lower thermal conductivity such as YSZ, the conditions for initiating 
SLFS in AlN require combinations of higher laser, slower scan speeds, or repeated scans 
of the same region of the sample surface. It was shown that laser power and scan speed 
both have effects on the current observed during SLFS, but neither is a direct controlling 
factor for the onset of SLFS. The heat input,  calculated from the product of the power 
intensity and the laser interaction time was also studied as a possible controlling factor. 
These experiments showed that  also does not directly control the onset of SLFS and that 
both the heat input and heat dissipation affect the onset conditions for SLFS. 
 A numerical model was implemented that accounted for heat input and heat 
dissipation and it was shown that, for a given field strength, the initiation of SLFS in AlN 
is controlled by the minimum temperature in the scanned line region and the time that this 
region remains at or above this temperature. The temperature in this region is in in turn 
controlled by laser scan speed, laser power, and the effective thermal conductivity of the 
sample. For SLFS conducted on AlN under an applied electric field of 3000 V/cm, the time 
 33 
to initiate SLFS is reduced from 1.0 – 1.25 sec when the minimum temperature in the line 
scan region reached 450 – 475 K to approximately 0.25 s when the minimum temperature 
in the line regions reached 480 K. Similar dependences between time to initiate flash and 
sintering temperature have been observed during furnace-based flash sintering at lower 
fields in oxides and work is ongoing to understand the atomic-scale phenomena responsible 





 A numerical model was developed and implemented in Comsol® to predict the 
onset conditions for SLFS for aluminum nitride. Input for this model required knowledge 
of the material properties of the AlN powder bed. Rather than performing simulations at 
the scale of individual powder particles, an effective medium approach was used. In the 
sections that follow, the methodologies used to obtain these properties are outlined and the 
details of the model implementation are outlined. 
 
Material Properties 
 The bulk thermal conductivity of 320 W/m⋅K (38) and the gas conductivity for N2 
at room temperature of 0.027 W/m⋅K (39) were obtained from the literature. A number of 
approaches were used to obtain effective properties that depended on the specific properties 
of interest. For some properties such as the coefficient of specific heat and the density, a 
simple rule-of-mixtures can be used to predict effective properties of a porous medium. 
Thus, the coefficient of specific heat (780 J/kg·K) (40) and an effective density (1,470 
Kg/m3) was computed from the product of the bulk properties of AlN and the measured 
porosity of the green parts (=45%). 
 The effective thermal conductivity cannot be obtained from a simple rule-of-
mixtures. Instead, a model by Sih & Barlow (41) was used and validated with thermal 
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conductivities of packed powders obtained from the literature (42). The effective thermal 
conductivity was obtained from Equation A-1: 
𝑘
𝑘𝑔
= (1 − √1 − 𝜑)(1 +
𝜑𝑘𝑅
𝑘𝑔































 }   (Eq. A1) 
where φ = the porosity of the powder compact, x = contact size ratio = area of particle in 
contact with neighboring particle/total area of the particle, kg = the gas thermal 






, kcontact = the contact 
thermal conductivity = 18𝜑𝑘𝑠, kr = radiative thermal conductivity, and k = effective 
thermal conductivity of the powder bed.  Table I shows that there is reasonable agreement 
between the effective thermal conductivity predicted from the model and the experimental 
values obtained from measurements. 






Steel spheres in air 38.4 0.026 0.38 0.525 0.486 
7.3 
Steel spheres in air 45 0.0272 0.413 0.40 0.45 
-13 
Steel spheres in air 45 0.0272 0.406 0.60 0.46 
22 
Lead spheres in air 34.3 0.0273 0.42 0.418 0.420 
-0.69 
Lead spheres in air 34.3 0.0273 0.433 0.404 0.399 
1.16 
MgO in air at 375 K 24.4 0.0318 0.42 0.433 0.446 
-3.0 
MgO in air at 502 K 27.9 0.0387 0.42 0.502 0.536 
-6.8 
MgO in air at 572 K 22.1 0.045 0.42 0.552 0.575 
-4.2 
MgO in air at 723 K 16 0.0533 0.42 0.661 0.609 
7.7 
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MgO in air at 810 K 13 0.056 42 0.666 0.601 
9.7 
     




Table 2.1 Validation of empirical Zehner model for thermal conductivity of various 
packed powder beds 
 
A parametric study was performed to determine the effects of porosity, contact size 
ratio, and bulk thermal conductivity on the predicted thermal conductivity and results are 
presented in Figure A-1a-c. For these calculations, one variable was varied while holding 
the other variables fixed at standard values that were in the range of interest for SLFS 





Figure 2.10: Effective thermal conductivity, K, versus a) contact size ratio (x), b) porosity 
(φ), and c) bulk thermal conductivity (ks). 
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It can be seen from Figure 2.10 (a) that the effective thermal conductivity remains 
fairly constant for contact size ratios 0 to 0.01, and then increases logarithmically as the 
contact size ratio increases. This shows that kcontact is negligible when the particle neck 
sizes are small near the onset of SLFS and thus for the remaining calculations it was 
assumed that kcontact = 0.  From Fig 2.10 (b), it is seen that the effective thermal conductivity 
initially decreases logarithmically with porosity until a porosity value of 0.1, and then 
decreases even more rapidly as porosity approaches 1. Fig 2.10 (c) shows that the influence 
of the bulk thermal conductivity on the effective thermal conductivity is modest for the 
values of x and φ that were used. Because this plot showed that the bulk thermal 
conductivity did not significantly influence the effective conductivity, a constant value of 
ks = 320 W/m⋅K was used in the numerical model and the temperature-dependence of the 
effective conductivity was assumed to arise entirely due to the changes in gas thermal 
conductivity, as given by Eq. A-1. The thermal conductivity of nitrogen varies from 0.027 
W/m⋅K at room temperature to a maximum of 0.110 W/m⋅K at 2000 K. (39) This resulted 
in an effective thermal conductivity for the porous aluminum nitride compact of between 
0.52 and 1.1 W/m⋅K, depending on temperature. 
Heat Source 
A 3D Gaussian heat source model given in equation A-2 was used to represent the 










)  Eq. A-2 
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where P = the laser power, R = the beam radius, V = the laser scan speed, S = the beam 
penetration depth, x, y, and z are the coordinates being probed, t = time, and ε is the 
percent energy of the laser absorbed by the material surface. The heat source model used 
a beam radius of 200 μm and a penetration depth of 100 μm, as determined from beam 
profiling and SEM observation of samples, respectively (NanoScan v2TM, Ophir, 
Jerusalem, Israel). The numerical model was validated by comparing temperature 
distributions in the numerical model with those from an analytical model for the 




CHAPTER 3: NUMERICAL SIMULATION OF JOULE HEATING 
OF ALUMINUM NITRIDE NANOPARTICLES 
3.1 Introduction 
 Previous simulation work on the processes of ceramic sintering have been primarily 
focused around continuum-based numerical modeling of ceramic media (45,46,47). In 
modeling of flash sintering, research has focused on either analytical (9,48) or continuum-
based modeling of the sintering process (49). To better understand the physics of selective 
laser flash sintering, it is imperative that an understanding be obtained of how the micro-
scale sintering process changes in response to various operating conditions. In this work, a 
parametric study is conducted whereby simulated aluminum nitride nanoparticles are 
subject to various combinations of volumetric power densities, electric fields, and contact 
size ratios. 
3.2 Numerical Model 
A numerical model was created using COMSOL Multiphysics® software (Comsol, 
Burlington, MA) to simulate the heating of aluminum nitride particles subjected to various 
electric fields and applied volumetric power densities that are meant to simulate laser 
heating. It emphasized that these power densities are volumetric and are not the same as 
the commonly used laser power densities, which are two dimensional. The model consisted 
of three particles of aluminum nitride, each with a diameter of 1 μm. The contact size ratio 
refers to the proportion of area of a particle in contact with another particle, divided by the 
total surface area of the particle. The structure of the particles in the model as well as the 
placement of electric potential is shown in Figure 3.1. 
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Figure 3.1: The structures of the particles simulated with a contact-size ratio greater than 
zero (left) versus one with a contact size ratio of 0 (right), as well as the 
location of applied voltage and ground 
 The particles were first uniformly heated by a volumetric heat source to 
approximate the laser heating process. The properties for the particles were assumed to be 
those of bulk aluminum nitride, with a thermal conductivity of 320 W/m·K, a specific 
heat of 780 J/kg·K, and a density of 3,260 kg/m3 (37). The electrical conductivity was 
assumed to be an exponential function varying with temperature, starting at effectively 
zero at room temperature and rising beyond 1×10-5 S/m at approximately 900 K (50). The 
electrical conductivity is important because it controls the amount of additional heating 
that arises from Joule heating. 
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Figure 3.2: Termination conditions for various temperature vs time curves from 
parametric analysis, showing two end conditions (one temperature and one 
time based) as well as two possible temperature vs time curves with 
different controlling parameter values 
Figure 3.2 shows a representative output of two simulations run with two different 
sets of parameters. The key parameter being tracked is the temperature of the particles as 
a function of time, with the goal of determining how long it takes for the temperature to 
rise due to combined external volumetric heating and Joule heating. The curves for all cases 
increase exponentially; although temperature initially rises linearly, the temperature-
dependent electrical conductivity causes an even sharper rise as Joule heating commences. 
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Higher field strengths, higher laser powers or in this case volumetric power densities, and 
larger contact size ratios are expected to cause steeper increases in temperature than lower 
fields, lower power densities, or lower contact size ratios. Due to the limitations of the 
numerical model, simulations were either ended when a temperature of 2000 K was 
reached, or when one second had elapsed, whichever came first. 
  
Figure 3.3: The two different polynomials fitted to various temperature vs time curves. 
The first order polynomial captures the initial temperature rise while the 
second order polynomial captures the initiation of sintering 
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Due to the varying termination conditions, the results for various parametric 
combinations could not be directly compared with respect to either of those two metrics. 
Data was instead compared by generating 1st and 2nd order polynomials fit to the 
temperature curves, and then the 1st and 2nd derivatives of each polynomial were analyzed, 
respectively. The polynomial curves and how they are influenced by the temperature vs 
time curve is shown in Figure 3.3. From this figure, it is apparent that analyzing the 
derivative of such a function with respect to various combinations of electric field, power 
density, and contact size ratio allows for an interpretation of the rate of temperature 
increase prior to sintering to be analyzed as a function of all parameters. 
To compare the initiation of sintering, a 2nd degree polynomial was fit to the 
temperature curve for each simulation, and the 2nd derivative of this polynomial was then 
calculated to determine the rate of temperature increase after the initial heating. The 2nd 
derivative is a measure of the temperature during the initiation of flash sintering. The values 
of these derivatives were calculated for power densities ranging from 8×1010 W/m3 to 8×10-
12 W/m3, electric fields ranging from 250 V/cm to 250,000 V/cm, and contact size ratios 
varying from 0 to .5. 
3.3 Numerical Results 
 Figure 3.4 shows how the first derivative of the function changes with respect to 
contact size ratio, power density, and electric field. It should be noted that the first 
derivative is represented on a logarithmic scale. It should be noted that for the CO2 laser 
running at a power of 10 W used for SLFS experiments, this corresponds to an energy 
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density of approximately 8×1011 W/m3 in aluminum nitride powder beds. It can be seen 
that for both contact size ratios shown, 0 and .5, and for any given power density, the first 
derivative of the polynomial changes very little with varying electric field. At power 
densities below 1×1012 W/m3 and electric fields above 104 V/cm, it can be seen that the 




Figure 3.4: The first derivative of the temperature vs time curve as a function of power 
density and electric field, for contact size ratios of a) 0 and b) .5 
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 Figure 3.4 shows the relationship between contact size ratio, power density, and 
electric fields from the numerical simulations. The electric fields range from 250 V/cm to 
a 250,000 V/cm and the power densities range from 8×1010 W/m3 to 8×1012 W/m3. It can 
be seen that with increasing contact size ratios, the rate of temperature climb increases. For 
each ten-fold increase in contact size ratio, as viewed by moving from Figure 3.5a to 3.5b, 
the second derivative of temperature increases by two decades or approximately one-
hundred-fold. Thus, at a contact size ratio of 0.5, one can expect the rate of temperature 
increase to increase 100 times faster than at a contact size ratio of 0.05. 
 From Figure 3.5d, it can be seen that the log of the second derivative increases more 
rapidly with increasing electric field and slower with increasing power density. It should 
be noted that each color on the contour plot reflects two decades of second derivative 
growth, as indicated by the color bar on the right. The log of the second derivative starts at 
approximately two at an electric field of 250 V/cm and a power density of 8×1010 W/m3, 
and rises to eighteen at an electric field of 250,000 V/cm and a power density of 8×1012 
W/m3. The second derivative increases by approximately four decades from a power 
density of 8×1010 W/m3 to a power of 8×1012 W/m3 for any electric field, reflecting a 
hundred-fold increase in the second derivative for every tenfold increase in power density. 
For any given power density, the second derivative increases by four decades for every one 
decade the electric field increase. Together, these results show that the relationship between 
the electric field and the temperature rate increase is 100× stronger compared to the 
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relationship between the power density and the temperature rate increase. This relationship 
holds true for all contact size ratios. 
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Figure 3.5: Second derivative results of various parametric conditions for contact size 
ratios of a) 0, b) .005, c) .05, and d) .5. Higher second derivatives indicate 
faster flashing and temperature climbs, note results are on a log scale. 
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 When comparing contact size ratios, it can be seen that for every decade increase 
in contact size ratio, there is a two decade increase in the second derivative for any 
combination of electric field and power density. It should be noted that a contact size ratio 
of 0 is effectively an infinitely smaller than a contact size ratio of 0.005, but as with thermal 
conductivity, contact size ratios <<0.01 have negligible effects on material properties, as 
shown in Figure 2.1. 
 
3.4 Summary 
The domination of power density on the first derivative of the temperature curve as 
shown in Figure 3.4 is expected, as power density is introduced into the sample at a linear 
rate, and this alone will cause a linear increase with temperature.  After a certain threshold 
temperature is reached, the electric field combined with increased conductivity will cause 
Joule heating to rapidly raise the temperature and sintering begins. At very high electric 
fields (>104 V/cm) the rate also increases with electric field strength, but this is likely not 
physically plausible because at such high fields the atmosphere experiences electrical 
breakdown. 
Figure 3.5 highlights the effect of electric field on the temperature increase 
occurring from the onset of sintering. Larger second derivative terms indicate more rapid 
sintering and lower temperatures required before Joule heating takes over as the primary 
driver of the flash. It can be seen the strongest relationship exists among electric field and 
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the sintering rate. This is reasonable as a higher electric field will drive more current 
through the sample and thus cause greater Joule heating at a more rapid rate than a lower 
field. It is important to note however that this process does not start until the minimum 





CHAPTER 4: CONCLUSIONS AND FUTURE WORK 
Experiments showed that SLFS can be observed in aluminum nitride, as confirmed 
via microstructural changes. It was then shown that while laser power, scan speed, and 
laser power multiplied by interaction time have an effect on the initiation of flash in 
aluminum nitride, neither predict the onset of flash. Numerical simulations were performed 
to simulate the heat distributions within aluminum nitride during the onset of flash, and it 
was found that the minimum temperature along the scanned region predicts the onset of 
flash. The threshold minimum temperature required was found to be approximately 450 – 
475 K. 
A numerical model was then created for a parametric study of the flash sintering 
process as caused by Joule heating at the micro scale. A series of three aluminum nitride 
particles 1 μm in size were subject to various combinations of volumetric power density, 
contact size ratio, and electric field over time. To analyze the results of the study, the first 
and second derivatives of the temperature curves were analyzed. It was found that the time 
until the onset of flash is predominantly controlled by the volumetric power density, and 
that the speed at which the sintering occurs once it begins is predominantly controlled by 
the electric field. 
The combination of continuum modeling and micro-scale modeling of SLFS has 
been used to develop a better understanding of the parameters that control the flash 
sintering process. An even greater understanding of the physics of SLFS would be possible 
 53 
by extending the multi-scale modeling efforts. Multi-scale modeling would allow for the 
establishment of a relationship between parameters such as laser power, scan speed, and 
material on the continuum level to the micro-scale physics that control the flash sintering 
process. This may allow for the ability to control the microstructure resulting from selective 
laser flash sintering experiments, in addition to other events such as crack formation, by a 
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